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Untvarsity of Houston, Taxas 77004 

Abstract 

Tha 'whistiar noszla' is a sinqtla davica which can induca Jat saifoaxcita- 
tions of contrdlabla ampUtudas and fraquancias and appaars highly promising 
for many applications involving turbulant transport, combustion and aaro* 
dynamic noisa. This papar documants tha charactexistics of thto curious 
phenomanon for different values of tha controlling paramatars and attampts to 
explain tha phenomenon. It is shown that tha whistiar axcitation results from 
the coupling of two independent resonance mechanisms: shear*layer tone 

resulting from the iropingmimnt of the pipe-exit shear layer on the collar lip, 
and organ-pipe resonance of the pipe-nozzle. Tha crucial role of the shear- 
layer tone in driving the onian-pipa resonance is proven by reproducing tha 
event in pipe-ring and pipe-hole configurations in the absence of the collar. 
It is also shown that this phenomanon is the strongest when the salf- 
excitatkm frequency matches tha ’preferred mode' of tha Jat. 

The *whistler nozzle' phenomenon occurs for both laminar and turbulent 
initial boundary layers; tha excitation can be induced without tha pipe-nozzle 
(say, by ring or hde tone) whan the exit flow is Imiinar but not when it is 
turbulent. Unlike in the shear-layer tone and >t tone phenomena, where 
successive stages overlap, adjacent stages of the whistler nozzle axcitation 
are separated by 'dead zones' where the conditions for both refinance 
mechanisms cannot be simultaneously met. Also, unlike in the shear-layer 
and Jet tones, the whistler frequency cannot be varied continuously by 
changing the spaed. Since the phenomenon is the coupling of two resonance 
mechanisms, the frequency data appear to defy a simple nondimensional repre- 
sentation for tha entire range ci its operation. Reasonable collapse of data is 
achiavad, however, when the exit momentum thickness is used as a length 
scale, thus emphasizing the role of the shear-layer tone in the phenomenon. 
1. Introduction 

In an attempt to explore turbulence augmentation and suppression as well 
as the role of the large-scale coherent structures and their interactions like 
tearing and pairing in Jat noise and mixing, we wer* interested in methods of 


indudna ccmtroUed exciuttoiis in tht Jtt. Tht Hdiittltr 
ittnlf nt AT Bttractivt poMtbtlity btauM d Iti tmAtingty omflgurt- 

tkm, rtquiramnt of no oxtornd pomr, tnd Ability to inducA Mlf-tuttAinAd 
AxdtAtion d controllAblA AO^UtudM And frtciuAndAt ovtr widA rAngti. 

The devicA coniists of a round toU-^pt AttAdiAd to tht tomttrAAa And 
d A jAt iMtziA And An AxityionAtrtc coUat iliding ovat tho pipA (figuro 1 a). 
Ai thA coUat U puUod (townstrAAm (i.A.» thA coUat loigth L. projActing 
bAyond thA pipo is incrsAMd). a l^d purA tiaiA Abruptly AppAArs; (thA tmiA 
is AudiblA in Air At vslodties as low as ISnis**^). This is csUsd ths first 
stsgs. With incrsAsing ths tons incrsASAS in Amplituds* rsAchAS a 
niAxiiBuiii, dACTAASAs snd thAn disAppAArs. tfith a furthAr incrsASA in ths 
tonA rAAppAATS. This is thA SACond stsgA, And so cm. Ths tons frsquAncy 
and sniplitudA dspsnd on ths pipA-nozzls length ccdlsr length step 
height h (i.e., the differencA between the inner rsdii c^ the nozsle end the 
coUat) « Jet exit speed U., And Jet diAinAtAr D. 

Hill & Greene (1977) Appear to be the first to have discovered whistler 
nozzle Axdtation, but they were unable to explain the phenomenon or find 
any relationship between the controlling pArAmeters. The motivAtion fcur the 
present study was to dociunent the whistler nozzle behavior as a function of 
the controlling parameters, to explain the phenomenon and to vaUdate the 
explanation via additional experiments in modified configurations (figures 
Ib.c) without the coUar. The phenomenon was explored in low-speed axisym- 
metric air Jet facilities available in our laboratory. The effects of the self- 
sustained excitation on the axisymmetric free jet emerging from the whistler 
nozzle have been discussed previously (see Hasan & Hussain 1982, hereinafter 
referenced as I). Measurements up to 60 diameters showed that the whistler 
nozzle excitation produces a large increase in the turbulence intensity in the 
near field of the jet, while it Increases the spread and decay rate for the 
entire x-range of measurement. For further details see I, which complements 
the resulU reported here. 

(a) The shear-layer tone phenomenon ; If an object intercepts a laminar 
free shear layer, the shear layer can be set into (Mcillaticm, depending on the 
sp ed U. and the distance b of the object from the Up. The oscillation can 
produce discrete audible tones Uke the jet tone at even fairly low speeds, 
especiaUy with a sharp edge. As b is increased from zero, a tone abruptly 
api^urs at a frequency which decreases with increasing b. With further 
increase in b, the tone jumps back to a higher frequency. The average 
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frtcpMncy remaiiis th« saat at mccaMiva ita{^ amt is ^ fira- 

quancy tha shaar toyar stahHisad by f^bKk from ^ 

Tha fraquandaa in tha diffarait stagas thoif o^I»a irto non-^U»»- 
aionaUsad by U. and tha axit iBOBiantiMn thicknm S.. For furthar da^te, 
aaa Hussain and Zaman (1978), harainaftar rafarmicad m HZ. 

2. Apparatus and Procadura 

The axperimants have bean carried out bi two axisyomatric dr Jet 
fteiUtias with nf»sle diwnatars D«2.34 cm and 7.^ on. Tha 2.S4 cm ^ 
fodlity has bami dMcribml by Zman ^ Hu^dn (IM). Tha D^.54 cm 
is attached to tha settling chambmr via an ASHE i^^e (sea I). Data trtth 
tha 7.62 cm nozzle ware detained in a large jet of 27 cm diameter. Tha 
transitkm to the D>7.^ cm pipe occurs dirough an ASiE neu^. Additkn^ 
details of the facility were given by Husain & Hussain (1979). 

The centerline longitudinal turbulence intensity at the inlet end of the 
pipe is about 0.2S% for each facility. For the 2.54 cm Jet, data were takmi 
with six different L^'s (7.62 cm, 15.24 cm, 30.48 cm, 45.72 cm, 60.96 cm, 
and 91.44 cm) and two values of h(0.3173 cm and 0.635 cm). Unless other- 
wise stated, data presented for the 2.54 an nozzle are for U «36ms'*^ 

% 

corresponding to the Jet Reynolds number Rej^(sU^DZ) of 6.2x10 . Fcr 

D&7.62 cm, data were taken with two L_'s (30.48 an and 60.% cm) at 

-1 -1 -1 " * 

values of 3tem , 4Sam and 60ms . The (mrresponding values ci Re^. 

5 5 5 ^ 

were: 1.85x10 , 2.3x10 and 3.1x10 , respectively. For D = 7.^ cm, only 

one step height h(»0.635 cm) was investigated. 

A standard tungsten hot-wire of 4pm diameter operated at an overheat 
ratio of 0.4 by a linearized (DISA) constant temperature anemometer was used 
to obtain the data. Mcmt of the data were obtained with a backlash-free 
traversing mechanimn operatmi by stepping motors, which were a>ntroU^ 
on-line by the laboratory computer (HP2000S). The frequency spectra were 
obtained with a real-time spectrum analyzer (Spectrascope model SD335). The 
phase of the disturbance signal was measured with a PAR lock-in amplifier; 
the reference signal was obtained from the flow by bandpassing the velocity 
signal in the near field of the excited Jet. 

Note that the origin of the co-ordinates is located at the pipe exit 
center; x increases in the downstream direction and y increases radially. 

3. Results and Discussion 
3.1 General Characteristics : 

For the 2.54 cm nozzle, unless otherwise specified, data for two Lp's 
representing two distinctly difftfent initial conditions (i.e., flow charac- 
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tMiitin at tha pipa axlt) will ba praaantad in thia papar. Thaaa ara: 
Lp«15.24 cm which hM a ki^nar asdt boun^ry tayar «id Lp«^.46 cm whidi 
haa a tranaitional exit boundary layar. For D*2.S4 cm, data fix' longer pipaa 
having turbulant exit bcamdary layara ara not included bacauae all tha 7.62 
cm dimnater pipaa have turbulant axit bounitory layara. 

Evan though a large nund>ar of iMuuraa can ba uami to deftne the 
initial condlticm, the mean velocity and longitudinal fluctuatiixi intanaity 
profilaa and the u-apectrum in tha exit boundary layer can ba regarded as 
adequate identifiara of the initial condition. The initial condition can be 
clasaified into four grouim: laminar, nominally laminar, highly diaturbad and 
fully-developed turbulent (for dataUa aee Huaaain 1^). Both laminar and 
nominally laminar caaea. Identified by the agr^ment of the mean velocity 
profile with the Blaaiua profile, are grouped together in thia atudy and 
temmd 'laminar' for the aake of aimplicity. For initially turbulent boundary 
layer cases, the mean velocity profile had the characteristic logarthmic and 
wake regions in the universal (U'*^,y^) coordinates, the wake strength agra^ 
with that expected for the corresponding value of (Coles 1962), tha 
longitudinal velocity fluctuation intensity profile agreed with that of the flat 
plate, and the longitudinal velocity spectrum 4^(f) was broadband (typically 
over the frequency range 0-4kHz) without any spectral jmaks. 

Based on exploratory tests, the phentmienon was inferred by us to be an 
organ-pipe resonance of the pipe-nozzle triggerred by the shear-layer tone, 
which is produced by the impingement of the shear layer from the pipe exit 
on the collar lip. Detailed data discussed in the follovring further affirm our 
explanation. 

(a) Minimum Collar Length : If the whistler phenomenon involves a 

shear-layer tone, then there should be a minimum collar length below 

which no excitation will take place. This is typical of the shear-layer tone 
and the jet tone phencsnena (HZ; Karamcheti et 1969; Rockwell & 
Naudasher 1979). The value depends on as well as h. Table la 

shows the values of L^^^ for a few cases. With higher values of h, 
increases, since the collar has to be longer in order for its lip to Intercept 
the shear-layer and thus induce the shear-layer tone via feedback. Note that 
for the laminar case (L^ « 15.24 cm), the value of L^^^ is proportional to h. 
At a lower frequency (and hence longer wavelength), the shear-layer roll-up 
length should be longer, and thus, the length required for vortex impinge- 
ment and feedback to sustain th* shear-layer tone should be higher also. 
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Since the excitation frequency decreases with increasing Lp, higher Lp gives 
higher (table la). 

(c) Nature of the Excitation ; Figure 2 shows hot-wire traces at the 
pipe exit centerline for a few renresentative excitation cases covering 
different stages and Lp's for the 2.54 cm nossle. The vertical and the 
horizontal scales for all the traces are identical. Fcr Mch Lp, the trace 
corresponds to the value of L that produces the maximum excitation ampli- 
tude (u^^) at the pipe exit centerline. It is dear from figure 2 that the 
whistler no^e Induces a sUxmg, stable sinusoidal surging of the flow fmr 
both laminar (Lp< 15.24 cm) and turbulent (Lp> 30.48 cm) boundary layers at 
the pipe exit. In the turbulent case (LpM5.72 cm), only the exit boundary 
layer is turbulent but the rare flow at the pipe exit is nonturbulent. Larger 
Lp's, in which the pipe exit flow is turbulent over the entire cross-section, 
also produce stable sinusoidal surging due to this self-exdtation. It is 
apparent from the traces that: the frequency decreases with increasing Lp, 
the second stage frequency is somewhat lower than that in the first stage for 
a given and Lp (explained later), the second stage amplitude is lower than 
that in the first stage, and the peak excitation amplitude in the first stage is 
the largest for Lp*30.48 cm and decreases for larger or smaller Lp's. 

(c) Organ-Pipe Excitation : Even though a monotonic drarrase of the 

self-exdtation frequency f with increasing Lp suggests organ-pipe resonance 
of the nozzle, it was considered important to obtain a direct evidence of this 
resonance. The u' distribution inside the pipe along the centerline at 
U.MSms*^ is shown in figure 3 for a half-wave mode in the first stage of 
excitation. The wavelength of a full-wave mode was found to be slightly 
larger than half of the half-wave mode. This is not unexpected because the 
effective lengths for the two modes are likely to be different and should 
include corrections due to both the collar length L^ (Hasan & Hussain 1979) 
and the pipe dimneter D (Kinsler & Frey 1962, p201). Data in figure 3 
correspond to the condition for which is the m&ximum. The vertical 

scale is logarithmic in order to accommodate large amplitude variations. 

(d) Axial Evolution of the Fundamental : The axial evolution of funda- 

mental amplitude u'^ on the centerline for a number of excitation situations 
involving different stages are shown in figures 4a, b; x is nondimensionalized 
by the jet diameter in figure 4a and by the corresponding acoustic wavelength 
X. in figure 4b. In order to provide a meaningful basis for comparison 

Q 

between different cases, all data in figure 4 are for a fixed excitation ampli- 
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tud« of 3%» achieved by adiusting (see Uter). The ^ar exit 

locati(» for rach curve is identified by a venical hatched line in figure 4a. 
Note that the data for Lp«60.96 cm (D « 2.S4 cm) are also included. The 
centerline variation of u'^ depends on the relative contributions of the hydro- 
dynamic (instability) wave and the acoustic wave. For an instability wave- 
dominated case, the axial distribution of u'^ should be initially exponential. 
The u^ distribution is altered significantly from exponential when the contri- 
bution of the acoustic wave becomes comparable to or larger than that of the 
instability wave. This has been dmnonstrated by Rockwell & Schachenmann 
(1982. hereinafter referenced as RS) by using a one-dimensional model for an 
impinging jet on a cavity. Which form of oscillation will occur for a given 
self-sustained res^ance condition is intimately connected with the 'quality 
factor' Q. which is directly related to the damping of the acoustic mode of the 
system. Typically, Q for a systmn is defined as Q^/dw, where is the 
resonance frequency (representing the maximum gain), and du» is the half- 
power bandwidth. For the whistler nozzle, the excitation amplitude varies 
with the collar length L_, which also changes the frequency of excitation. 
Thus, from a plot showing the variation of u' with L. (hence frequency), one 
should be able to calculate a crude Q factor for the whistler nozzle. The 
estimated values of Q for different whistler nozzle parameters are given in 
table lb. A small value of Q should represent the case when the instability 
wave dominates the acoustic wave (see also RS). The high values of Q (in 
table lb) for the whistler nozzle suggest the presence of a strong acoustic 
wave. 

In figure 4(a), the amplitude U| drops sharply for all cases between 
x/D»o and x/D*0.8 to a minUnum value and then rises again. This drop in u'^ 
is predicted by RS's model for the case when the amplitudes of the acoustic 
and instability waves are comparable. The near-field dip was observed 
previously by Pfizeiunaier (1973) and Hussain & Zaman (1975), even though 
this dip was surprisingly absent in the data of Crow & Champagne (1971). 
Note that the dip in u'£ distribution for different cases occurs at nearly the 
same location (x/X.s0.016) when plotted against x/X_ (figure 4b). In figture 
4(b), the distance between the first and second dips gives an approximate 
iMasure of the disturbance wavelength X. Based on this wavelength, the 
relationship between collar length and disturbance wavelength was found to 
be: L_/X*n-c, where n is the stage of excitation and c«0.5. The value of c 
varies between different impinging flow geometries. A summary of the L^/X 
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valuM for different impinging shear layers is given by Ziada & Rockwell 
(1982). 

(e) D ependence on Veteettv : Attempts were made to document the 

variation of the whistler excitation frequency %dth velocity. For a given 
as the velocity was increased slowly, the whistler excitation appeared only for 
a small velocity range after which the tone disappeared with a further 
increase in U^. For a few cases, the whistler excitation could be triggered 
again at a higher velocity. The variatiem of the excitation frequency with 
is due to the fact that the effective length of the pipe-collar combination 
changes with L_. However, for a fixed L_, when U. is changed, the 

corresponding shear-layer tone frequency does not match one of the <x^an- 
pipe mode frequencies. That is why, unlike the jet tone and shear-layer tone 
phenomena, whistler nozzle excitation cannot be obtained for a fixed at 
any arbitrary exit velocity. 

3.2 Frequency and Amplitude Variation with the Collar Length : 

Perhaps the best demonstration of the underlying phenomenon is the 
dependence of the excitation frequency f on L_. Since the phenomenon is the 

W 

coupling of two resonance mechani&ms , i.e. the organ-pipe resonance and the 
shear-layer tone, the frequency jumps must also depend on L^. The 
dependence of the excitation frequency and amplitude on are demonstrated 
for some representative cases in figures 5 and 6. Figures 5(a)-(c) show the 
variation of f with L ; figures 6(a)- (c) show the corresponding amplitudes. 
Only those spectral ccHnponents with amplitudes within 45dB of the highest 
peak for each are included. 

(a) Laminar and transitional initial conditions : figures 5(a), 6(a) cover 
data for Lp-15.24 cm which has a laminar exit boundary layer. Figures 5(b), 
6(b) correspond to a transitional exit boundary layer. Consider figures 5(a) 
and 6(a) for h^.3175 cm first. Two modes, one half-wave centered at f=900 
Hz and one full-wave centered at fslSGO Hz, are excited simultaneously for 
> With increasing L^., f decreases. Note that the half-wave mode is 

considerably stronger (by ^ut 25dB) than the full-wave mode and occurs 
for a larger range of L^. The second stage appears for L^>2.2 cm and lasts 
for a much longer L. range than the first stage. Note that the amplitudes 
near the peak in both stages are nearly equal. Both the half-wave and 

full-wave mode frequencies in the second stage are lower than those in the 
first stage. This is to be expected because L. adds an effective length to 
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Lp; tht effictivt l«ngth is largsr for ths tscond stsgs than fa* tits ftnt 
stags. Bassd on our ss^artBiMital data, ^ f^knndng r^tionship mm 
obtainsd (Hasan k Hussain 1979) to prsdict ths whistlsr frsqusncy f, 

♦ 1.65 ^ ♦ 0-n) »i (i) 

whsrs a^ is ths acoustic spssd, n (« 1/2,1, 3/2,...) dsnotss ths mods and ](« 
1,2,3...) ths stags. Ths equation (1) is sssentially ths organ-pips equation 
with end corrscticns. Ths curve representing squatimi (1) is not ^own in 
figure 5 for clarity. When external excitation was applied in ths absence of 
the flow, it was not possible to differentiate between the pipe resonance and 
the settling chamber resonance. 

For the larger h(=0.635 cm), there is no dominant first stiKI<* nor any 
full-wave mode in the second stage (figure 5a). Sone huiiq>s in the u-spectra 
were detected for values of L corresponding to the first stage, but they 

V 

were discarded on the basis of the amplitude criterion mentioned earlier. In 
this region, the u-dgnal trace did not show any change from the unexcited 
situation, nor was there any audible tone. For h*0.3175 cm in the range 
1.2 cm<L <2 an, one single spectral peak at approximately the full-wave mode 
frequency occurs . This intermediate stage , which does not follow the 

patterns in stages I and II, has a frequency about 10% lower than expected. 
The variation of u' along the length of the pipe nozzle for this intermediate 
stage suggested a very weak fuU-wave mode. Note that with increasing 
for any mode or stage, the increase in amplitude at the beginning of a stage 
is more abrupt than the decrease at the end of the stage (figure 5). 

In each of the stages, f decreases with a progressive increase of L^, as 
to be expected from the characteristics of the shear-layer tone (HZ) or other 
self-sustained oscillation phenomena. This suggests that tl^e same basic 
mechanimn which is responsible for the shear-layer tone or the let tone 
triggers and sustains the whistler nozzle oscillation. 

Figures 5(b) and 6(b) show data for the D»2.54 cm pipe-nozzle of 

L >30.48 cm. For both h>0.3175 an and 0.635 cm, there are two distinct 
P 

stages of the half-wave mode accompanied by a weaker fuU-wave mode (figure 
5b). Between stages I and II, there is a full-wave mode which correspmtds 
to a shear-layer tone stage but not a whistler nozzle stage. The amplitudes 
in these shear-layer tone stages are much lower (15-30 dB) than the ampli- 
tudes representing a whistler stage (figure 6b). Note that in figure 6(b) 
data for only h>0.3175 cm have been presented. 
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(b) Turbttltnt initial condition ; Figuro 5(c) «id 6(c) ihow th« fro* 

quency and amplitude at a functkm of tor D*7.62cm at U^«3€na~^ and 60 
-1 c • 

ms with a fuUy-daveloped turbolant boundary layer at the exit at eith^ 

speed. In figure 6(c)« consider the U.a60 ms~^ case first. There are two 
stages of exdtatkm: one is centered at Lg82.6 cm and the other at on. 
Each of these stages is associated with both a half-wave mode and a fi^-wave 
mode. Note that for either the fuU-wave or the half-wave mode, the fre- 
quencies in the two stages are nearly equal, the mid-frequency being slightly 
lower in the secmfid stage than in the first stage (figure 5c). This is 
analogous to the shear-layer tone phenomencm (see HZ). The second full- 
wave mode at U^«60 ms*^ (centered at L-e4.5 cm) is a shear-layer tone stage 
(St^ ~ .01) which is not supported by the pipe resonance and thus Is not 
associated with a half-wave mode. At U^«36 ms*^, there is only one suge of 
whistler excitation (insisting of simultaneous half-wave and full-wave modes. 

Note that (for U. > 60 m»‘^) there is no whistler excitation in the range 5cm 
6 

< Lg < 7cm. 

The shear-layer tone-tyi^ behavimr of the whistler nc»zle suggests that 
the shear layer from the pipe lip rolls up into discrete vo’.tical structures. 
Detailed profile data show that the pipe-exit boundary layer is fully turbu- 
lent for either value of U. when D«7.62 cm. Thus, in these cases, the 
initially fully-turbulent shear layer also rolls up into vortical structures. 
The roll-up and organizatlmi of initially fully-turbulent shear layers into 
discrete vortical structures was first demonstrated by Clark & Hussain (1979) 
vlj visualization and dnd films. Recently, the roll up of an initially fully- 
turbulent plane mixing layer has been demonstrated and the resulting 
coherent structure det^s have been educed by Zaman (private communica- 
tion). This shear-layer tone for a t "bulent boundary layer, though much 
weaker than that for an initially Imninar shear layer, is accentuated by the 
pipe-nozzle resonance if one of its organ-pipe modes matches the shear-layer 
tone frequency. 

In view of the fact that the roll up of the initially turbulent shear layer 
into discrete coherent structures will have large dispersion in formation 
distance, strength, etc., the start of the whistler excitation tone is likely to 
be less abrupt when initially turbulent than when initially laminar. Data in 
figure 6(c), when compared with those in figures 6(a)-(b), show consistency 
erith this notion. Furthermore, the vortices in the initially turbulent cases 
are likely to induce weaker feedback and consequently weaker whistler exdta- 
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tion, not only bocauso of diffuM vnrtidty but alao bMOUsa of phaaa «id 
ampUtuda Jittar from <ma itructura to am>thar. At flgurt 6(c) ahowa, tha 
paak amplitudaa ara waakar than In tha caaaa whan tha ahaar layar la Initially 
laminar; thia waa found to ba alwaya trua. For U^*36 ms*^, tha turbulant 
caat Miplituda la lOdB lowar than that in tha lamliUr caaa. Note that tha 
riaa in amplituda with incraaaing ia aharpar for ahortar bacauaa at 
ahorter tha rollad up vorticaa ara atztmgar (dua to highar coharant 
vortidcy) and thua capabla of producing atrongar faadback. 

From tha date of figura 5 it can ba aumnarisad that tha fraquancy 
behavior of whiatlar nozzle ia almilar to tha ahear-layer tona (f dacreaaaa with 
incraaaing L ). But tha ranga ovar which tha fraqumcy changaa in any 

V 

stage ia vary limited, alnce the raquiramant for ahaar*layar time and organ- 
pipe raaonanca can not be aatiafled for every L^. It ia found that the ahear- 
layer tone frequency ia alwaya a multiple of the fundmnental fraquancy having 
a St^ value in the range (0.3-0. 6) of the 'preferred mode' of the Jet (Huasain 
and Zaman, 1981). 

(c) Intar-atage gaps ; A difference between the whiatler nozzle and the 
ahear-layer tone excttationa can be identified from figurea 5(a)-(c). In the 
shear-layer tone phenoomnon, there ia alwaya an exdtation frequency fof 
every value d the Up-wmiga diatanca within ite range oi operation; one atage 
alwaya givea way to the next, typically with an overlap range. Since the 
whiatler phenonmnon ia the congruence of two reaonance mechanisms , exdta- 
tion will occur whan the conditicma for both resonances ara aatiafled simul- 
taneously. ClfoTly, there will be ranges of where conditions for both 
resonances cannot be satisfied. Because of thia '-eason, there are inter-^tage 
ranges of where whiatler nozzle exdtation does not occur (see figu as 
5a-c). However, in these 'dead zones', the shear-layer tone should still 
occur in the region between the (X>llar and pipe lips. However, compared to 
the tone induced by a shaip wedge (see HZ), the shear-layer tone will also 
be considerably weaker. 

3.3 Excitation Amplitude at Pipe Exit 

The amplitude of whistler exdtation depends on U^, Lp, and h. For 

a given L„, h and U^, the amplitude can ba controlled primarily by changing 
p o 

tha collar length L.. Figure 7 gives one typical exmnple of the variation of 
exdtation amplitude u^^ (at tha pipe exit centerline) as a function of L^; I 
and II denote the first and second stages. The sensitivity of the amplitude 
to the step height h is alao induded in figure 7. Note that when h is 
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increased, the odlar length must also increase in order for the shear layer to 
impinge on the collar lip. The v^cm get corespon^gty more diffuse and 
the tone amplitude is weaker and its rise is 1 ms d>rupt. Note that in order 
to produce a given amplitjde of excitation, it is preferable to choose an 
corresponding to the rir,ht hand side of a stage because the change in 
anq)litude is more gradual and less sensitive than on the left hand sido. 
Figure 7 shows that the whistler nozzle can be used to introduce controlled 
excitation of selectable amplitudes by appropriately choosing It has been 
shown that the response of the jet to controlled (see I) s^-exdtatkm is 
similar to that of imposed excitations (Zamtsai' & Hussain 1980, Ribens 1980). 
3.4 The Shear Laver Characteristics for the Whistler Nozzle Excitation ; 

The evolution of whistler tone amplitude and phase proflles are shown in 
figure 8 for the first stage excitation for Lp«30.48 cm, D»2.54 cm, L^bI. 02 
cm, and i^/U^«12%. The measurements were made at three different x- 
stations: two inside the collar (x*0.254 cm and x*0.635 cm) and one ou'Jiide 
(x>2.54 cm). The whistler fundamental tone phase and amplitude profiles are 
given in figures 8(a)-(b), respectively. Beciuse of the backflow problem, 
the momentum thickness e^, for the data in figures 8(a)-(b) was calculated as 
follows: 


^^^ 0.25 

^ 0.95 


c c 


)dy 


That is, the integration was terminated at the y>location where the mean 
velocity was 0.25 U^. 

Inside the coUm, the perturbation phase rmnains constant for (y-y^ §)/ 
6 < -1 (figure 8a), then increases to a peak and suddenly drops by about n 
near (y>yQ [j)/8^r2. These profiles are in qualitative agremnent with the 
shear-layer tone data (HZ). At each value of x, the racUal location of the 
region of maximum phase gradient (d#/dy)^^ coincides with the minimum of 
the tone amplitude u*^ (figure 8b), consistent with ^e prediction of the linear 
spatial stability theory (Michalke 1965). Note that the locations of the 
peak and the minimum move towards the jet center with increasing x. In the 
shear layer cone, the transvene location of the u'^ minimum wob the sane at 
different x. 

For the convenience of comparison of whistler nozzle data with other 
experimental and theoretical data, the data for x»0.254 cm is plotted in 
figure 8(c) in a different nondimenskmal transverse coordinate. Also 
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included in figure 8 (c) ere Michelke't Inviecid theory (for laminar flow) and 
Rockwell'i (private communication) data for organited wave in «i impinging 
turbulent Jet. Each curve in figure 8 (c) ia identified with two Strouhal 
nuffibera except for the Michalke*a theoretical prediction. The firat Strouhal 
number ia baaed on the exit momentum thickneaa (St^) and the aecond mie ia 
baaed on the local momentum thickneaa 8 . Note that in the preaent caae 6 
was calculated as. 


/ 0 ( 1-0 )<iy. 

^ 0.95 " 


thus partly accounting for the St^ values being lower than those in the cited 
references. 

Two different cases of Rockwell's data are included: The first case 

represents the organized wave data for the (mdllatlon dominatwi by the 
instability wave (St^s.025), and the second case represents the data where 
instability and acoustic waves have nearly equal amplitudes at separation 
(Stg«.041). These two cases are included in order to permit comparison 
between similar situations. The general agreement of the whistler data with 
Michalke's theory suggests that the inviscid parallel flow stability theory may 
be adequate to describe the overall character of the whistler tone amplitude 
distribution in the axisymmetric mixings layer. On the high-speed side away 
from the shear layer, the fundamental amplitude in the whistler tone is higher 
because of the surging of the core flow. The sbnilarity of these data with 
Rockwell's also suggests that a similar mechanism is at work here. 

3.5 Streamwlse Phase Variation 

Theoretic^ models for self*sustained oscillation phenomena assume a 
phase difference of 2 n(n'*‘c) between separation and impingement points; n is 
the number of wavelengths between these two points. Ck>ntinued disagreement 
on the value of c persists between different theories and experiments. Curie 
(1953) and Powell (1961) predicted the value of c to be equal to 1/4 for jet 
tone; Crighton & Innes (1981) predict the value of c to be 7/8 for the shear* 
layer tone. In experiments. RS found c«0 for the impinging jet, and Sarohia 
(1977) and HZ found c=0.5 for navity flow and the shear-layer tone, 
respectively. The presence of an acoustic resonator in the whistler nozzle is 
expected to aff< c" the value of c even though it ia not known why the inter- 
action of the instability wave with a resonator lead to enhanced feedback. 
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Because r the transverse phase gradient of the organised wave (fw 
example, see Figure 8a), the transverse location for phase nwasurmnent is 
quite aritical. For the whistler tcme, the phase was measured alimg the 
centerline and along the line correpsonding to U/U^^.95. Figure 9 slumm 
the phase variations for a variety of whistler nozzle excitation situatkms, all 
data were taken at a fixed excitation amplitude of 2%. Note that the 

phase distributions along the centerline (open symbol) and the UAJ-^.95 line 
(solid symbol) are not identical. In figure 9, x/L =0 and x/L_~l repsesent 
the pipe exit and the c>ilar exit, respectively. The phase of the excitmi 
wave remains nearly constant inside the pipe (x/L_<0) indicating the 
dominance of the acoustic wave there; mnall d#/dx suggests that the wave- 
length is much larger than the collar length L^. Note the high streamwise 
phase gradient between x/L_^ and and x/L =1, after which the phase distri- 
butions becmne nearly linear with x. Similar high phase gradient was 
predicted by RS*s one-dimensional model for an impinging cavity flow, where 
the organized wave is considered to be the superposition of an instability 
wave and a standing acoustic wave. 

For the purely hydrodynamic oscillations one would expect the phase 
difference between separation and impingement points to be a multiple of 2nTI. 
This will not hold when an acoustic wave is simultaneously present with the 
hydrodynamic wave, as one can see in figure 9. In figtire 9, the phase 
difference between stages I and II at the impingement point ranges between n 
and 1.^; for purely hydrodynamic oscillation this value should be 
3.6 Phase Velocity and h/\ Relations 

Let us represent the disturbance wave as follows: 

u s + conjugate, 

= + conjugate, (2) 

where a » ia^ and c ~ c^ ic^ and lu - ac is the circular frequency. The 

phase velocity Vpj^ is then given by v^j^ = w/Oj,. Assuming nearly parallel 
flow, if ^ denotes the phase of u, it Is clear that a^»d^/dxs2n/\. Thus, frmn 
the streamvdse phase gradient, both the wavelength and the phase velocity 
Vph inferred. The phase velocities calculated from the phase distribu- 
tions of figure 9 are shown in figure 10. Note that the phase velocity v^^, 

which equals the acoustic speed within the pipe, decreases rapidly with 

increasing x and approaches an asymptotic value outside the collar. The 
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rapid drop of the phase velocity with x in figure 10 should give an idea ci 
the location from where onwards the hydrodynamic wave dominates the 
acoustic wave. Note that the phase velocity v^|^ reaches constant values 
around 0.6U^ with increasing x. These values are in general agreement with 
the data of Ko & Davies (1971), Lau at (1972), Bradshaw et d. (1964), 
Petersen (1978) and Hussain & Clark (1981). 

In order to estimate the relationship between and X, the value of X 
within the collar would be more meaningful. Because of the large variation of 
the phase velocity «dthin the collar, it is not possible to have an accurate 
estimate of X within the collar. So, an estimate of the wavelength X in the 
region (x/L^>2) where v^j^ becomes nearly constant was made. Based on this 
X, the L^/X values for different velocities and stages are listed in table 2; 
these values do not appear to support a simple relationship of the type 
LJhPti^c, expected for self 'Sustained tmcUlation phenoomna. However, if X is 
inferred frcxn the distribution of tone amplitude within the collar (see figure 
4b), a L /X^-tc type relationship appears reasonable. 

3.7 Flow Visualization 

In an effort to demonstrate that the whistler nozzle excitation is 

triggered when vortices in the shear layer «dthin the collar interacts with the 

collar lip , flow visualization was perfommd by introducing TiCl^ smoke 

upstream of the pipe-nozzle. When the excitation is present, one would 

expect to see a vortex at the collar exit especially when the pipe exit is 

laminar. The visualization was done for L_^.48 cm (0^2.54 cm) at U »16 
-1 P * 

ms . Natural roll-up of vortices in the unexcited jet takes place at 

(figure 11a). Figure 11b shows the condition when whistler excitation is 

present. For both excited and unexcited conditions, the pipe exit location is 

shown by an arrow. Flow visualization showed that the shear layer rolls up 

sooner in x due to the feedback effect during whistler excitation, as should 

be evident from comparison of figures 11(a) and 11(b). Similar effort to 

visualize the flow with turbuhnt initial condition failed to reveal any clear 

vortex structure. It was not considered worthwhile to visualize the flow 

within the collar by redesigning the facility with transparent pipes and collars. 

3.8. Nondimenaional Representation of the Whistler Nozzle Phenonenon ; 

Nondimensional relationships between the controlling parameters would be 
helpful in optimum choice of whistler nozzle dimensions and predict its perform- 
ance in various technological applications. Included anwng the controlling 
parameters are: Lp, L^, D, U^, and h. Clearly, Lp and are dmninant 
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pariiMttrs. Since depend! on h* it mey i^t be necesiery to include h 
directly . U the whittler excitation is triggered by a shear-layer tone, which 
in turn must depend on the instability of the shear-layer (HZ) ^wnstream ci 
the pipe-nossle, then the phenomenon must depend on the state of the 
boundary layer at the pipe exit. A length scale of the boundary layer, say 
the momentum thickness must, therefore, be included. Based on our 
experience with the shear layer tone (HZ), it would appear that ncmdimen- 
sional frequencies St^(>fl.g/U^) and St^(-fe^/U^) would be important 
characteristic parameters of the whistler nosale. When St^ vs. was 
plotted, data did not collapse for different L^. However, when the St^ data 
were plotted against L^/6^, the data cdlapsed for both Lp«30.48 cm and 
Lp«15.24 cm (figure 12a); St^ values based on tiie full-wave mode ^quency 
is also shown in figure 12a. Note that the collapse of the data is 
comparatively better for the half-wave mode than for the full^wave mode. 
This collapse suggests that the initial monMntum thickness 9 to an important 
parameter for the whistler phenomenon and emphasizes the role of the 
shear-layer tone in the phenomenon. 

The variation of St^ with L^/0^ is nearly linear; data for different 
stages fall essentially on the same line. This is not so for the shear-layer 
tone, the jet tone or other self-sustained oscillations. For the shear-layer 
tone (HZ) and the cavity flow (Sarohia 1977), St^ varies almost linearly in 
each stage, but different stages are separated by vertical shifts. In figure 
12(a). the first and second stages are not separated and appear to fall on a 
single line. The nearly linear variation of St^ indicates that even though the 
shear-layer tone triggers the phenmnenon, it is primarily an organ-pipe 
resonance. 

Equation (1) can be used to interpret the results in figure 12. If C^/j 
is neglected (i.e. because C^/j«Lp/L^). and considering the fact that C2 
D«Lp. the equation (1) can be approxtomted as: 

• R r • 

P 

where M is the Mach number. Note that equation (3) predicts a linear 
variation of St^ with L^. Note that the collapse of St^ data in figure 12(a) is 
much better in the first sUge than in the second stage because the assump- 
tion C^/j«Lp/L^ is bimre appropriate in the first stage than in the second 
stage. Prom equation (3). one can conclude that the St^ vs. data for 

different velocities and modes of resonance will not collapse. 
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Figur« 12(b) shows ths data of figure 12(a) « plotted as St^ 
vs. If St^ vs. L^/0^ w«« exactly linear, then St^ would be a 

constant. Data in figure 12(b) show that in each stage St^ decreases with 
increasing — a characteristic of the shear-layer tone (HZ). However, 
unlike in the shear layer tone, the decrease in St^ %dth increasing L^/0^ is 
quite gradual, decreasing from abmit 0.006 to about 0.0045 over the range 
0<L„/e.<250. The gradual fall off of the St. values from linear variation with 
increasing in figure 12(a) and tne corresponding decreasing values of St^ 
in figure 12(b) are to be expected because incrMsing values of L produce 

V 

longer effective lengths of the pipe-nozzle and hence lower excitation fre- 
quencies. Because the phencmenon consists of two independent rescmance 
mechanisms, and there are ^xitroUing parmneters not included in St^, it is 
not expected that St^^ data will collapse. Even then, it is quite impressive 
that data for different controlling parameters fall in a narrow band. Note 
that the tendency for the shear-layer tone stages to fall into separate curves 
(see HZ) are mnoothed by the organ-pipe resonance. The collapse of the 
data, when non-dimensionalized by 6 , mnphasizes the inqM>rtant role of the 
shear-layer tone phenomenon in whistler nozzle excitation. 

3.9 Whistler Excitation in Pipe-ring and Pipe-hole Configurations : 

Our explanation for the whistler nozzle phenomenon was subjected to 
further scrutiny in ring- and hole-tone configurations. Even though the 
above data adequately characterize the whistler nozzle behavior as a function 
of the values of the controlling parameters, these data and their discussions 
in the foregoing establish weU that while the device configuration as well as 
the control of the excitation amplitude and frequency is extremely simple, the 
phenomenon is not. The date support our explanation rather well, even 
though some peculiarities in the details remain unexplained. 

Two aspects of the whistler nozzle would negate total success of any 
simple explanation. Since the phenomenon is the confluence of two inde- 
pendent resonance mechanisms, it is not likely that a simple nondimensional 
relation can be valid for the entire range of its operation. Such a simple 
relationship does not necessarily include all controlling parameters; the less- 
dominant parameters would produce additional deviations from the modeled 
simple relationship. The second aspect complicating a simple explanation is, 
of course, the collar. Because of the unavoidable recirculating region 
(downstream from the pipe exit) within the collar, the whistler tone must 
produce periodic iiK>dulation of the recirculating flow and periodic ingestion of 
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the ambient fluid. The collar, depending on its length, also alters somewhat 
the initial condition, i.e. the details of the boundary layer at the exit of the 
pipe-nozzle. The additional complicating feature of the collar is that its lip 
does not constitute a sharp edge as is typical in shear-layer tone and jet tone 
phenomena. Studies with a sharper collar lip were discarded because of the 
additional complications of the cavity that had to be introduced within the 
collar in order to produce the sharp lip. 

In order to further substantiate our explanation of the phenomenon 
discussed in the previous sections, it was considered necessary, even highly 
instructive, to carry out additional experimentations with the whistler nozzle 
in the absence of the collar. If our explanation was correct, then it should 
be possible to induce the whistler nozzle excitation in the absence of the 
collar by placing either a ring or a hole at the location of the collar lip. In 
either of these configurations, respectively, called pipe-ring and pipe-hole, 
the recirculating region (which is present for the collar excitation) is 
eliminated, and there is entrainment of the ambient fluid right frmn the origin 
of the mixing layer. 

The whistler excitation with a ring and a hole was separately studied 

with a 2.54 cm diameter pipe-nozzle of length (i.e., Lp-)15.24 cm. In each 

case, the traversing axis was carefully aligned with the pipe-nozzle axis. A 

precision cylinder which slides snug into the nozzle as well as the ring or the 

hole, when in place, was used to check that the ring or the hole axis was 

aligned with the nozzle axis for all downstream traverses. Both the ring and 

the hole were held such that the impinging lip was far from the support so 

that the support did not interfere with the phenmnenon. The pipe-nozzle of 

a thickness of 0.3175 cm was machined square at the downstream end, which 

thus forced the initial entrainment to be normal to the mainstream (figure Id) 

rather than essentially parallel (figure le). Detailed data by Husain & 

Hussain (1979) showed that the two different initial entrainment patterns 

produce no difference in the time-average measures or instability details of 

the initial shear layer. In order to record the amplitude and frequency data, 

the hot-wire was placed slightly downstream of the pipe-nozzle (i.e. x=0.2 

cm) and near the high-speed edge of the mixing layer, i.e. UA1.=.95. This 

6 

location was chosen such that the sensor was away from the impingement point 
and yet captured the ’shear-layer tone' in the axisymmetric mixings layer. 
The ring or the hole will in general induce 'shear-layer tones' in the 
axisymmetric configuration; only when the shear-layer tone matches an organ- 
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pipe mode of the pipe*no 22 le will a whistler tone be excited. Unless other* 
wise specified, 'shear tone' in this section will denote those induced by the 
ring or the hole but not . supported by the pipe-nozzle. The latter will be 
denoted as 'whistler tone'. The measurement probe was inserted through the 
ring or the hole (figures lb,c) such that probe-induced shear-layer tcme (sm 
HZ) was avoided. In general, the peak amplitudes of the whistler excitaticm 
with the ring or the hole were lower than those with the collar. The audible 
tone was also louder with the cellar, indicating that the collar accentuates the 
sound via the increased radiating surface and enhanced flow surging. 

The results of the whistler excitaticm experiments in the modified con- 
figurations involving the ring and the hole are sunanarized in figures 13 and 
14 for three different speeds: U »10 ms*^, 24n8*^, and 36 ms'^. Figure 
13(a) shows the frequency as a function of the downstream separation b of 
the hole or the ring from the pipe nozzle. Note that the frequencies fall in 
three ranges (f s 450 Hz, 1800 Hz, 2600 Hz) denoting the shear tone at the 
three speeds. However, the whistler tone mode (f s 900 Hz) falls in a small 
range corresponding to the half-wave mode of the pipe-nozzle. The non- 
dimensional frequency Stj^(=fbAlg) is shown in figure 13(b). Figure 13(c) 
shows the frequency data in terms of St^^ where 6^ is the exit 

momentum thickness of the boundary layer. 

The data in figure 13 show two trends of the frequency variation with 
b. For a given U., as b is increased, the shear tone frequency f_ should 
progressively decrease. However, the organ-pipe mode frequency f remain- 
ing unchanged for a given Lp, the nozzle would tend to limit the shear tone 
frequency to an organ-pipe frequency. If f. is significantly different fnxn 
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f_, the variation of f_ with b will be monotonic. This is the case for U =10 
ms . However, if f^ is close to f^ or its harmonics (which would correspond 
to higher modes like full-wave, one-and-a-half-wave etc.), then the overall 
variation of the frequency would be like that of the shear tone. However, 
there will be ranges of b over which the shear tone frequency will "lock-in" 
with the organ-pipe tone. In figure 13 the "step-like" fiequency variations 
are clear; the constant frequency ranges indicate "lock-in." In the non- 
dimensional coordinates shown in figure 13(c), note that the three distinct 
shear tone stages in figure 13(a) collapse. The corresponding St^^ range is 
0.01-0.014, agreeing closely with the shear-layer tone data of HZ. Note that 
there are a total of four shear tone stages, the number of stages increasing 
with U^. Note that the shear tone stages in pipe-ring and pipe-hole configu- 


rations agraa identically with the plane shear-layer time data of HZ, also 
shown in ftgure 13(b). It is quite impressive to find complete cdkpse of 
data in stage 2 (see figure 13b) fcnr six different situatkms. 

The whistler tone value oI St^^ increases linearly with b, the slope oi 
this line decreases with increasing speed. Correspcmdingly, the St^ values 
are constant for each the constant value decreasing with increasing U^. 

Note that at * lOms*^ there is a clear shear tone with the ring but 
none with the hole. This is to expected because the sharper impinging 
edge of the ring should produce a stronger feedback. For this reason, 
'^emin should be smaller than that for the hole; clearly, 

for the ring is less than lOms*^ while it is higher for the h(de. There is no 
corresponding whistler ttme at this speed becaime the ring tone frequency is 
quite different from the corresponding whistler tone frequency. The b^^,^ for 
the whistler tone with the ring is lower than that with the hde. This is 
again consistent with the expectation that the feedback from the ring is 
stronger and thus the tone should occur at a smaller b. Note that at 
U^OGms**^, there is even an earlier stage for the pipe-ring than for the 
pipe-hole. 

The shear tone and whistler tone amplitudes as functions of b are shown 
in Figure 14(a) for U »2tos“^ and in figure 14(b) for U.*36 ms’^. The 
shear tone and whistler tone stages occur fairly independently. At U^*24 
ms*^, the whistler tone amplitude starts being smaller than the shear tone, 
but reaches rapidly a peak value significantly exceeding the latter. The 
increasing stages of both shear and whistler tones have iecreasing peak 
amplitudes, because the feedback is weaker at larger L^. The shear tone and 
whistler tone amplitudes are both higher for the ring which is expected to 
produce a stronger feedback in comparison with that for the hole. Note that 
at the shear tone and whistler tone amplitudes are comparable. 

The whistler tone is considerably weaker at other values of b and are thus 
not shown. 

3.10 Comparison of Whistler Tone with Pipe-ring and Pipe-hole Tones 

The pipe-ring and pipe-hole configurations were examined in order to 
obtain further support for the explanation propped by us for the whistler 
nozzle phenomenon. The data convincingly validate the explanation. Data in 
figure 12(a) for the whistler tone are consistent with those in figure 13(b) 
for the pipe-ring and pipe-hole systems; note the linear variations of St^ and 
St^ with Lg/e^ and b/0^, respectively. For U^«36ms"^, these two variations 
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are essentially identical; see comparison shown in figure 13(b). There is also 
an amaaing agreement in the St^^values: for example, for a value of L^/^or 
b/e^ of about 160, the St^values are essentially identical. Similarly, the St|. 
values for the fundamental for b/6.s200 are essentially the same in figures 
14 ( 1 ) and 13(b). The departure from an exact linear variation in figure 
32(a) and from a constant value in figure 12(b) is different from those for 
pipe-ring and pipe-h(de system. These differences are to be expected. 
With increasing coUar length L. , the effective length of the pipe also 

C 

increases and hence the organ-pipe mode frequency decreases, while in case 

of the pipe-ring or pipe-hole, the organ-pipe length and frequency remain 

unchanged. The comparatively worse collapse of the data for the collar is 

also to be expected. Since 6 continuously varies with the collar length (I), 
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the data will perhaps collapse better if the actual 6 for each L were used. 
This will be prohibitively time-consuming and cumbersome because of the 
interference of the collar. That is why the 6^ values used in figures 12(a), 
(b) are the corresponding unexcited values. 

The amplitudes reported in figures 6 and 14 cannot be directly compared 
because the sensor locations for the whistler nozzle and for the pipe-ring or 
pipe-hole had to be different. However, the audible tone was much louder 
for the whistler nozzle than for the pipe-ring or pipe-hole. This is to be 
expected because of the direct effect of the collar which enhances the flow 
surging and provides additional sound radiating surfaces. 

It should be emphasized that jet excitation is possible without the pipe- 
nozzle in ring-tone and hole-tone configurations if the initial condition is 
laminar. When initially turbulent, the pipe nozzle is essential for jet 
excitation. For initially turbulent shear layers at the exit of a contraction 
nozzle, self-excitation could not be induced. 

Finally, it should be emphasized that the St^^ values for the full-wave 
mode of whistler excitation fall in the range 0.009-0.012, representing the 
shear layer tone (see HZ). However, the dominant mode (typically the half- 
wave mode) has a lower St^^ (0.004-0.006). This paradox can be resolved by 
noting that the jet Strouhal number Stj^ (sfDAJ^) corresponding to the 
dominant mode nearly corresponds to the 'preferred mode' of the jet (Hussain 
& Zaman 1981). Table 3 presents approximate Stj^ values of the dominant 
whistler excitation for D«3.81cm at high subsonic velocities; the excitation 
frequencies were measured in the far field with a condenser microphone. 
Note that the dominant St^^ values for all the cases (except for D-7.62, 
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Lp^30.48 at U^*36 ma*^) faU within 0.3>0.$. Tha casa having a largar St^ 
(ie oft; has a waakar coupling (indicatad by comparativaly lower 
amplitude). Data in this table suggests that tha 'pref erred mode* of tha Jet 
plays a controlling role also; that is, the coupling of the two resonant 
mechanisms is tuned to tha 'preferred mode' of the Jet. In essence, the 
whistler nozzle phenomenon can be viewed as a coupling of three resonant 
mechanisms: the shear-layer tone, the organ-pipe resonance of the pipe- 

nozzle and the 'preferred mode' of the Jet. 
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Table la. 


the irtiiatler noule for U^B36aa* 

D«2.54ca 

ipCO 

h(<a) 


W®e 

15.24 

0.3175 

0.381 

17.4V 

15.24 

0.635 

0.762 

34.95 

30.48 

0.3175 

0.66 

15.64 

30.48 

0.635 

1.016 

24.08 

60.96 

0.3175 

0.8128 

8.02 

60.96 

0.635 

1.2192 

12.02 


Table lb. 

Approxiaate values of Q for «rhistler nozzle excitation. 


1 

1 

Lp(c«) 

D(oi) 

h(ca) 

“n 

Stage 

36 

15.24 

2.54 

.3175 

32 

I 


15.24 

It 

.3175 

14 

11 


15.24 

It 

.635 

14 

11 


30.48 

It 

.3175 

28 

1 


It 

It 

tt 

16 

11 


It 

It 

.635 

31 

1 


It 

tt 

tt 

15 

11 


60.96 

H 

.3175 

37 

11 


It 

ft 

.635 

32 

11 

36 

30.48 

7.62 

.635 

10 

1 

60 

It 

tt 

tt 

12 

11 

60 

60.96 

tf 

tt 

14 

1 


Tablt 2. and LJK daU for D«7.62 ca. 



f(Hi) (Staga) 

!eh 

Lc/X 

60 

434 

(I) 

.80S 

.1827 


374 

(ID 

.675 

.891 


416 

(I) 

.761 

.22 


372 

(ID 

.678 

.894 

45 

392 

(ID 

.621 

.945 


366 

(ID 

.628 

1.06 


244 

(I) 

.738 

.1866 

30 

392 

(ID 

.755 

.924 


242 

(I) 

.907 

.185 


240 

(ID 

.619 

.895 


Table 3. 

^proxiaate St^ valuer 

of the doa.loant aode of Excitation. 

D(«) 

Lp(ca) 

U^(aa’h 


2.54 

15.24 

36 

0.58 


30.48 

36 

0.33 


60.96 

36 

0.37 

7.62 

30.48 

36 

0.3 


30.48 

60 

0.51 


60.96 

36 

0.51 

3.81 

5.08 

127 

0.52 


5.08 

195 

0.53 


10.16 

86 

0.52 


10.16 

127 

0.35 


15.24 

86 

0.38 


15.24 

127 

0.54 


15.24 

195 

0.43 


22.86 

86 

0.56 


20.48 

86 

0.6 


30.48 

127 

0.57 


30.48 

195 

0.42 


REFERENCES 

Bradshaw^ P., Farriat, D. H. & Johnaon^ R. F. 1964 Fluid Mach . 19, 591. 
Clark, A. R. & Hussain, A. R. M. F. 1979 Turbulant Shaar Ftowa (London) 
p. 2.30. 

Colas, D. E. 1962 Rand Corporation Rapt . R-403-PR. 

Crighton, D. & Innas, D. 1981 A. I. A. A. Paper No . 81-0061. 

Crow, S. C. & Chaaqpagna, F. H. 1971 J. Fluid Mach , tt, 547. 

Curia, N. 1953 Proc . Ray . Soc . A216 . 412. 

Hasan, M. A. Z. & Hussain, A. K. M. F. 1979 X* Acwis . Soc . Am . &, 1140. 
Hasan, M. A. Z. & Hussain, A. K. M. F. 1982 X* Fluid Mach . 115 . 59. 

Hill, W. G. & Grma, P. R. 1977 X- Fluids Enorg . 99 , 520. 

Husain, Z. D. & Hussain, A. R. M. F. 1979 A.I.A.A. X- 12, 48. 

Hussain, A. R. M. F. 1980 Lecture Notes in Physics (ad. J. Jinianaz) 136 . 
252. 

Hussain, A. R. M. F. & Clark, A. R. 1981 X* Fluid Mach . 104 . 263. 

Hussain, A. R. M. F. & Zmnan, R. B. M. Q. 1975, In Proc . 3rd Interagency 

Symp . ^ Uniy . Res , in Transportation Ndsa, Univ. of Utah, p. 314. 
Hussain, A. R. M. F. & Zaman, R. B. M. Q. 1978 X- Huid Mach . S7, 349. 

Hussain, A. R. M. F, & Zaman, K. B. M. Q. 1981 X- Fluid Mach . 110, 39. 

Ribans, V. 1980 A.I.A.A. Xi 18, 434. 

Raramchati, R., Bauer, A. E. , Shields, W. L., Stagan, G. R. & WooUay, J. 
P. mB N.A.S.A. SP-207 . p. 207. 

Rinslcr, L. E. & Fray, A. R. 1962 Fundamentals ^ Acoustics . Wiley. 

Ro, N. W. M. & Davies, P. O. A. L. 1971 X* Fluid Mach . 50, 4^. 

Uu, J. C., Fisher, M. J. & Fuchs, H. V. 1972 X- Sound Vib . n, 379. 
Michalka, A. 1965 X- Fluid Mach . 521. 

Petersen, R. A. 1978 X* Fluid Mach . 469. 

Pfizanmaiar, E. 1973 Doktor-Inganiaur thesis, Tachnischa Univarsitit BarUn. 
Powell, A. 1961 X* Acoust . Soc . Am . 33, 4. 

Rockwall, D. & Naudaschar, E. 1979 Ann . Rev . Fluid Mach . 11, 67. 

Rockwall, D. & Schachanmann, A. 1982 X* Fluid Mach . 117 , 425. 

San^, V. 1977 A.I.A.A. Xi 15 , 984. 

Zaman, R. B. M. Q. 6 Hussain, A. R. M. F. 1980. X* Fluid Mach . 101 . 
449. 

Ziada, S. & Rockwall, D. 1982 X- Fluid Itech . 118 . 79. 


FIGURE CAPTIONS 

FIgurt X. SchttOMtlcs of difftront ^xporimental cmiRguratlcms: («) Pipo- 

collar (b) Pipa-ring, (c) Pipa-Kole« (d) trantvtrta antrainBmit at Up, 
(e) naarly parallel antraltuiient at Up. All dlmensims art in cm. 

Figure 2. Longitudinal velocity u(t)-8ignal tracM at the pipe exit interline 
tcu* U^«36n»~^ and h«0.3175 cm. Inserta denote f and stage, 
respectively. 

Figure 3. Longitudinal fluctuation intensity (u*) distribution inside the pipe 
along the centerUne for the first stage, fCddHs, D«7.$2 cm, Lp«60.96 
cm and U.MSms’^. 

Figure 4(a). Streamwise distribution of u'^x/D) iait D«2.54 cm, U^«3^* , 
h«0.3175 cm, i^/U^>3%. The pipe lengths (cm), first stage ((^»an 
symbol) and second stage (solid symbcl) frequencies (Ha) are: □. 

15.24, 924,820; A, 30.48,480,476; O, 60.96, 536,516. 

Figure 4(b). The data of figure 4(a) as a function of x/X.. Tor symbols see 
figtire 4(a). 

Figure 5(a). Variation of whistler noazle excitatton frequency with collar 

length L^ (cm) for half-wave mode (open symbols) and fuU-wave mode 

(soUd symbols); L «15.24 cm; D«2.54 an; and U ■36ms*^. A, h-0.3175 

P * 

cm;0# hm.635 cm. 

Figure 5(b). f vs. L^ data for Lp«30.48 cm, D«2.54 dm, and U^*3Gms*^. 
For legend and symbol see figure 5(a). 

Figure 5(c). f vs. L. data for L *30.48 cm, D*7.62 cm, h«0.635 cm. □, 
1 ^ *1 P 

U *36 ms’ ;0, U.«60 ms**. For legend see flgxire 5(a). 

A A 

Figure 6(a). Variation of ampUtude at the pipe exit correspmding to the 
data in flgure 5(a). 

Figure 6(b). Variation of ampUtude at the pipe exit corresponding to the 
data in figure 5(b). 

Figure 6(c). Variation of ampUtude at the pipe exit corresponding to data in 
figure 5(c). 

Figure 7. Variation of pipe-exit fluctuation intensity ^/U^ with L^ fcs' 

L *30.48 cm; U *36iim*^, and D*2.54 cm. 4 , h«0.3175 cm. A, h*0.635 
P ® 

an. 

Figure 8(a). Phase profile across the shear layer for D«2.54 on, Lp*30.48 
cm, f*504 Hz, U *36 ms’^, N ,xr<).254 cm; ▲ , x*0.635 cm; • ,x*2.54 

A 


cm. 


Figure 8(b). Profile <d acroM the sheer layer corresponding to the data 
in figure 8(a). 

Figure 8(c). Amplitude profiles for disturbance tone; , Whistler 

(.006, .0135); , Michalke's theory (.017); • • 

, Rockwell (.017, .025); • • • • , Rockwell (.0275, 

.041). 

Figure 9. Streamwise phase variation for D*1.S2 an, Lp*30.48 cm along the 
centerline (open symbols) and along UA1^*.95 line (solid symbols). The 
frequency (Hz), stage and velocity (ms*^) are: □, 420,1,45; V, 394,1,60; 
A, 372,II,60;^, 366,11,45. 

Figure 10. Streamwise variation of v^j^. For symbols see figure 9. 

Figure 11. Flew visualization for L *30. 48cm, D*2.54 cm at U *16ms’^: 
(a) unexcited (L =0), (b) excited (L ?K)). The arrow indicates the 
location of the pipe exit. 

Figure 12(a). Variation of St^ with L^/O^; (cm) and step height (cm) 
are: □, 15. 24,. 3175; A, 15. 24,. 635; oi, 30.48.3175; V, 30.48, .635. 

Open symbols denote half-wave mode, and solid symbols denote full-wave 
mode. 

Figure 12(b). Variation of with L^./eg. For symbols see figure 12(a). 

Figure 13(a). Variation of frequency f with separation b for pipe-hole (PH) 
and pipe-ring (PR) configurations. The velocity (ms"^) and the corres- 
ponding configuration arc: , 10, PR; A, 24, PR; o, 36, PR; V, 24, 

PH; O, 36, PH. 

Figure 13(b). Stp vs b/8^. For legend see figure 13(a) • • 

, Shear-layer tone (HZ); - - , Whistler tone 

with collar. 

Figure 13(c). St^ vs b/8^. For legend see figure 13(a). 

Figure 14(a). Amplitude variation of whistler tone (dotted line) and shear 
tone (solid line) for Ug=24ms'^, Lp=15.24 cm, D=2.54cm. (i) pipe-ring, 
(ii) pipe-hole. 

Figure 14(b). Amplitude variation of whistler tone (dotted line) and shear 

tone (solid line) for U =3tois“^, L *15. 24cm, D*2.54cm. (i) pipe-ring, 

6 P 

(ii) pipe-hole. 
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